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DESCRIPTION OF THE INVENTION 

Field of the Invention 

[001] The present invention relates to methods and systems for 
routing mobile vehicles under maintenance and operational constraints. 

Background of the Invention 

[002] Traditionally, most airline carriers manually assign routes to 
aircraft. This usually involves having experts allocate all candidate flight 
segments to specific aircraft tail numbers (unique sequence of alphanumeric 
characteristics used to identify a specific aircraft) within a given sub-fleet of 
the airline. In addition to any requirements of the flight segments, the experts 
must ensure the allocations meet the operational and maintenance 
requirements of the aircraft. Considering that some carriers may have 
hundreds of aircraft and thousands of flights scheduled over a given time 
period (e.g., a month), this can be a complex and cumbersome process. This 
problem is not necessarily unique to the airline industry, it applies to carriers 
of other modes of transportation. 

[003] Further, during the normal operations of a carrier, situations may 

often develop wherein modifications have to be made to the existing schedule 

plan. For example, an aircraft may unexpectedly be grounded, thus leaving 

all flights that were assigned to the aircraft's route without an aircraft. Since 

most carriers would not willingly give up the revenues generated by the flights, 

experts must re-allocate and shift resources in order to accommodate the 
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orphaned flights. If this happens only on rare occasions, then the traditional 
manual approach might be acceptable. 

[004] In other instances, however, airlines may find it necessary to 
adjust their flight schedules on a regular basis. For example, passenger 
demand may require daily adjustments to flight schedules because the 
demand inherently varies over the course of the week. Manually re-planning 
the assignments of the aircraft and flights to accommodate these adjustments 
may be inefficient. Further, given the necessity to produce a plan within short 
time constraints, a generated plan may not be fully calculated to maximize 
revenues for the airline. 

[005] Therefore, it would be beneficial to develop efficient solution 
procedures that can determine feasible aircraft routings over a given time 
period while considering all operational and maintenance constraints. These 
procedures could be used to make the initial aircraft routing and/or update the 
routing as necessary. 

SUMMARY OF THE INVENTION 

[006] Systems and methods consistent with the present invention 
determine feasible routings of mobile vehicles over a given time period taking 
into consideration all prescribed maintenance and operational constraints. 

[007] One exemplary aspect of the present invention may include a 
method for routing aircraft. The method may comprise generating an aircraft 
routing proposal based on information describing a possible flight of an 
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aircraft, determining a proposed flight assignment for the aircraft based on the 
generated aircraft routing proposal and complying with the information 
describing the possible flight of the aircraft, and determining whether the 
proposed flight assignment meets a decision criterion describing requirements 
for aircraft routing. If the decision criterion is unmet, the method may further 
include optimizing the proposed flight assignment such that the proposed 
flight assignment meets the decision criterion. The method may also include 
generating a flight assignment plan using the proposed flight assignment that 
meets the decision criterion. 

[008] A second exemplary aspect of the present invention may include 
an aircraft routing system. The system may include means for generating an 
aircraft routing proposal based on information describing a possible flight of 
an aircraft, means for determining a proposed flight assignment for the aircraft 
based on the generated aircraft routing proposal and complying with the 
information describing the possible flight of the aircraft, means for determining 
whether the proposed flight assignment meets a decision criterion describing 
requirements for aircraft routing, means for optimizing the proposed flight 
assignment such that the proposed flight assignment meets the decision 
criterion if the decision criterion is unmet, and means for generating a flight 
assignment plan using the proposed flight assignment that meets the decision 
criterion. 

[009] A third exemplary aspect of the present invention may include a 
method for generating an aircraft routing proposal. The method may include 
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receiving information describing a possible flight of an aircraft, generating a 
flight network from the received information, modeling at least one of the 
maintenance and operational constraints, and determining an aircraft routing 
proposal for the aircraft that satisfies the received information. The received 
information may include maintenance and operational constraints. 

[01 0] A fourth exemplary aspect of the present invention may include 
a system for generating an aircraft routing proposal. The system may include 
means for receiving information describing a possible flight of an aircraft, 
means for generating a flight network from the received information, means 
for modeling at least one of the maintenance and operational constraints, and 
means for determining an aircraft routing proposal for the aircraft that satisfies 
the received information. The received information may include maintenance 
and operational constraints. 

[01 1] A fifth exemplary aspect of the present invention may include a 
mobile vehicle routing method. The method may comprise generating a 
vehicle routing proposal based on information describing a possible arc of a 
vehicle, determining a proposed arc assignment for the vehicle based on the 
generated vehicle routing proposal and complying with the information 
describing the possible arc of the vehicle, determining whether the proposed 
arc assignment meets a decision criterion describing requirements for vehicle 
routing, optimizing the proposed arc assignment to meet the decision criterion 
if the decision criterion is unmet, and generating an arc assignment plan using 
the proposed arc assignment that meets the decision criterion. 
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[01 2] Additional aspects of the invention are set forth in the description 
which follows, and In part are obvious from the description, or may be learned 
by practice of methods, systems, and articles of manufacturer consistent with 
features of the present invention. It is understood that both the foregoing 
general description and the following detailed description are exemplary and 
explanatory only and are not restrictive of the invention as claimed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[013] The accompanying drawings, which are incorporated in and 
constitute a part of this specification, illustrate several aspects of the invention 
and together with the description, serve to explain the principles of the 
invention. In the drawings, 

[014] Fig. 1 illustrates an exemplary system, consistent with the 
present invention, for determining aircraft routings; 

[01 5] Fig. 2 illustrates a flowchart of an exemplary method, consistent 
with the present invention, for determining aircraft routings; 

[016] Fig. 3 illustrates an exemplary flight network consistent with the 
present invention; and 

[01 7] Fig. 4 Illustrates an exemplary flowchart of another exemplary 
method, consistent with the present invention, for determining aircraft 
routings. 



DESCRIPTION OF THE EMBODIMENTS 



[018] Systems and methods consistent with the present invention 
determine feasible aircraft routings that satisfy all prescribed maintenance and 
operational constraints. Such systems and networks can be used to assign 
all scheduled flights within a given time horizon based on the available 
aircraft. They may also bridge the gap between strategic planning and 
operations control (i.e., tactical aircraft routing) by automating the task of 
implementing the strategic plan during operations control. Further, in 
performing these functions, systems and methods consistent with the present 
invention are flexible and may relax violated operational constraints in order to 
determine feasible tail assignments. Additionally, they may use a defined 
prioritization scheme to find a feasible solution, if all prescribed operation 
constraints cannot be satisfied. 

[019] Reference is now made in detail to exemplary embodiments of 
the invention, examples of which are illustrated in the accompanying 
drawings. Wherever possible, the same reference numbers are used 
throughout the drawings to refer to the same or like parts. 

[020] FIG. 1 illustrates an exemplary system 100 for aircraft routing in 
which features and principles of the present invention may be implemented. 
The aircraft routing system 100 includes a flight management/operations 
system 102, an optimization processor 106, a network 108 connecting the 
flight management/operations system 102 and the optimization processor 
106, a flight assignment plan database 1 10, and a flight information display 
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system 112. The processor 106 is coupled to the flight assignment plan 
database 108. The flight assignment plan database 108 is coupled to a flight 
information display system 112. While Fig. 1 shows only one computer 
system 102 providing information to the aircraft routing system 100, the 
system 100 may receive information from any number of sources (e.g., 
additional computer systems, reports, etc.). 

[021] The flight management/operations system 102 may contain 
aircraft information, flight information, maintenance information, and 
passenger information to be used in determining a flight assignment plan. For 
instance, the flight management/operations system 102 may be the Sabre 
AirOps, Sabre Flight Operating System, or similar system used by airlines for 
monitoring and scheduling daily maintenance and flight operations and 
tracking aircraft position. The flight information may include information 
describing the scheduled flight, such as flight origin, destination, start time, 
end time, block time (i.e., length of flying time for flight), booked passenger 
loads, passenger revenue/fare, assigned aircraft family type, assigned crew 
rating, minimum equipment list (MEL) restrictions, operating restrictions, 
aircraft information, maintenance information, and/or other information 
associated with the flight. The MEL restrictions may further include auxiliary 
power unit (APU), extended-range twin-engine operations (ETOPS), traffic 
alert and collision avoidance system (TCAS), and/or other equipment 
restrictions. The operating restrictions may further include flight range, noise 
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rating of aircraft assigned to the fligiit, whetfier tfie flight will be over water, 
and/or other restrictions that may affect the desired flight route. 

[022] The aircraft information may include tail identification, hourly 
operating cost, current location, ready time, remaining flight time, passenger 
capacity, aircraft family type, crew rating, MEL capability, and/or other 
information associated with the aircraft. The maintenance infomnation may 
include aircraft tail, type of maintenance check, scheduled location, start time, 
end time, and/or other information required to properly route aircraft for 
maintenance. 

[023] The network 108 may include a public network such as the 
Internet or a telephony network, a private network, a virtual private network, or 
any other mechanism for enabling communication between two or more 
nodes or locations. The network 108 may include one or more of wired and 
wireless connections. Wireless communications may include radio 
transmission via the ainwaves, however, those of ordinary skill in the art will 
appreciate that various other communication techniques can be used to 
provide wireless transmission including infrared line of sight, cellular, 
microwave, satellite, Bluetooth packet radio and spread spectrum radio. 
Wireless data may Include, but is not limited to, paging, text messaging, e- 
mail, Internet access and other specialized data applications specifically 
excluding, or including voice transmission. 

[024] In some instances consistent with the invention, the network 108 

may include a courier network (e.g. postal service. United Parcel Service, 
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Federal Express, etc). Other types of networks that are to be considered 
within the scope of the invention include local area networks, metropolitan 
area networks, wide area networks, ad hoc networks, and/or any mechanism 
for facilitating communication between two nodes or remote locations. 

[025] The flight assignment plan database 110 may be used to store a 
flight assignment plan generated by the optimization processor 106 as 
described later herein. The database 110 may include storage media, such 
as magnetic storage devices, optical storage devices, organic storage 
devices, random access memory, printed media, and/or any other medium for 
storing information. 

[026] The flight information display system 112 may be used to access 
the stored flight assignment plan in the database 110. The flight information 
display system 112 may be part of a Sabre airport product suite or any 
information system used to communicate the most current flight schedule 
within the airline and at various airport stations in the airline network. 

[027] The optimization processor 106 may be configured to implement 

the exemplary aircraft routing method illustrated In flowchart 200 of FIG. 2. 

Processor 106 may be implemented using any type of computer processor, 

such as a personal computer, workstation, mainframe, application specific 

integrated circuit, etc. As shown in Fig. 2, the processor 106 may receive 

information (flight, aircraft, maintenance, and/or passenger information) from 

the flight management/operations system 1 02 via network 1 08 (step 202). 

The processor 106 may generate an aircraft routing proposal that satisfies the 
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received information and any constraints contained tiierein (step 204). In 
general the routing proposal may describe possible sequences of flights and 
non-flight events for a given aircraft. To generate the aircraft routing proposal, 
the processor 106 may organize the received information into a flight networi< 
for each aircraft. 

[028] For example, as described above the received infomiation may 
contain flight origin, destination, start time, end time, etc. The processor 106 
may organize a flight network by creating data structures in its memory. The 
data structures may contain, inter alia, location (e.g., airport in Chicago) and 
time information. The data structures may also contain pointers pointing to 
other data structures containing different location and/or time information. 
From the data stnjctures and pointers a map of all flights in an airline 
schedule may be represented in memory or other storage media. 

[029] FIG. 3 illustrates an exemplary flight network 300. The flight 
network 300 represents an airline schedule for a particular aircraft and is 
drawn using vertical timelines. Any such flight network 300 for a particular 
plane shows all possible flights for that plane meeting maintenance and 
operational criteria in the received information. The vertical timelines are 
located over a horizontal space representing given stations, such as airports 
"A", "B", "C", and "D" 301. Each event (e.g., an arrival or departure) at a given 
station is represented by a node 302 for a specific time and location 
coordinate. Flights are represented by "flight arcs" 304 which connect event 
nodes 302 at the origin and destination of the flights. "Ground arcs" 306 in the 
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flight network 300 connect chronologically successive pairs of the nodes 302 
at a given station. These arcs are necessary in order to describe the flow of 
aircraft through the flight network 300 and for the application of network flow 
algorithms, such as shortest-path algorithms. Although the above example 
makes reference to flight arcs and ground arcs, other types of arcs (etc., 
water, space, etc.) may also be include. 

[030] For example, flight arc 308 from node 310 to node 312 
represents a flight in the airline schedule departing from airport "B" and 
arriving at airport "D". If the aircraft is assigned the route conveying travelers 
along the flight arc 308, the network 300 shows the aircraft may also stay at 
airport "D" for maintenance or refueling during ground arc 314, and then 
convey travelers along flight arc 316. 

[031] Processor 106 may model all maintenance and operational 
constraints as reflected in the received information in each individual aircraft's 
flight network thereby enabling tail specific constraints to be considered during 
the allocation process. The processor 106 may treat each flight network as a 
sub-problem to be solved as part of a Dantzig-Wolfe decomposition (i.e., a 
column generation algorithm). 

[032] The Dantzig-Wolfe decomposition is described by George B. 

Dantzig and Philip Wolfe in "Decomposition Principle for Linear Programs", 

Rand Corporation, Santa Monica, California, November 24, 1959, pp. 101-111 

and in "Econometrics", Vol. 29. No. 4, October 1961, pp. 767-778; Stephen 

Bradley, Arnoldo Hax, and Thomas Magnanti in "Applied Mathematical 
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Programming", Addison-Wesley Publishing Company, Reading, 
Massachusetts, 1977, pp. 540-545; and Ravindra Ahuja, Thomas Magnanti, 
and James Oriin in "Network Flows: Theory, Algorithms, and Applications", 
Prentice-Hall, Inc., Englewood Cliffs, New Jersey, 1993, pp. 671-673, all of 
which are incorporated herein by reference in their entirety. 

[033] For example, the flight network 300 of each aircraft may be 
organized to represent an exemplary sub-problem with Equations SP1 and 
CSP1 to CSP9 shown below, wherein the variables are defined in Table 1. 
Minimize ^ [AOC^ - flightdualf}x Assign^f - aircraftdual^ "iaeA (SP1 ) 

feF 

Subject to: 

J^Assign,f- '^Assign^f+ Y.'^ain_A^^- XMa//7_>\„+ YMain_B^ 

f£F{s\in,t) fsF(s\out,t) , . ^ 

* MA(s\t=start) MA(s\t=encl) 



me 

MB(s\t=start) 



Y,Main_B,^ +r,st-i -Ye^ +Aircln,,t =0 

me 

MB(s\t-end) 

VaeA,SeS,te T{s) 

1 if rangSa >SLf,apUg > apUf, noise ^ > noise f 
Assign^ < \ etops^ ^ etops^ ,H20a > H20f,tcas^ > tcaSf 
0 otherwise 

VaeAJeF 

1 if fype^ =ac_typef 



(CSP1) 



(CSP2) 



swap _ within _ type x Assign < 



\/aeA,feF 



lO othenwise 



(CSP3) 



swap _ within _ crew x Assign < 



VaeAf eF 



[1 if crewtypeg = crewtypef 
lo othenwise 



(CSP4) 
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swap _ within _ family x Assign < 



1 if family Q = ac_family^ 
0 otherwise 



yaeAJeF 



(CSP5) 



ZBIockTime. x Assign^. < \ ^ 

't>tXat<t2 U 





Va G M G r(a), t2 e T{a)\Fly^A_Check[aJXt2] = 'i (CSP6) 

^ iFlyingCycles^ if f 1 = CI^ 
[Ma/V7fena/7ceCyc/e otherwise 



Va eAJ^G T(a), f2 g 7(a)l F/y_S^CA?ec/c[a,nf2]= 1 (CSP7) 
Main _ A,,,, =1 ^fmeMAaeA.seSJ gT{s\ tX m) (CSP8) 
Main_B,,^, =1 Vm g M8, a g s g S,r g r(s | am) (CSP9) 



where: 



[034] Equation CSP1 is a flow balance constraint for each node in the 
time-space network. Equation CSP2 restricts aircraft assignment based on 
minimum equipment list (MEL) violations (e.g., APU, ETOPS, TCAS) and 
operating restrictions (e.g., range, noise rating, over water). In solving the 
sub-problem, it may be desired to allow similar aircraft of similar type, with 
similar crews, or in similar families to be interchangeable, so Equations CSP3 
to CSP5 restrict aircraft assignment based on the desired swapping criterion 
during the allocation process (within aircraft type, crew, or aircraft family). 
Equation CSP6 ensures that the flying time (sum of block times along a 
routing) assigned to a given aircraft does not exceed the remaining time 
between scheduled maintenance checks. Equation CSP7 ensures that the 
number of cycles on an aircraft does not exceed the limit between 
maintenance checks. Equation CSP8 ensures that all scheduled A 
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maintenance checks occur. Equation CSP9 ensures that all scheduled B 
maintenance checks occur. Additional constraint equations to ensure other 



scheduled maintenance checks occur may be added to the sub-problem. 



TABLE 1 


Variable 


Definition 


7 


set of around arcs 


Vast 


Qnprifip<5 whpthpr Piirrraft 'a' at station at timp T 


Tast'l 


bpoOMlc^o Wllc^ulci allUlclil d lb dL oLclllUi 1 o al 

f imp 't 1 ' 
111 lit; L- 1 


A 


ot;L Ui oil Ol dl I 


aC^iypGf 


bpc^v/lllc^o Ult^ dllUlcllL iy|Jc? lc^v|Uiicu lUi d iiiyiii i 


aC^Tafnityf 


bpc:?Olllc:;o lilc dllOldIL Idiilliy Ifc?L|Ullt;U lUI d iliyill 1 


Airclriast 


1 IT dirordll d lb dVdlldUlt; dl bLdUUII b dl Lllllt^ I 


QirCia TlU UBIq 


Quai Value OT dircrdTX d cunbiidirii in iric icbuiLfLt^u 

iTIdbLc^r prUUic^iil ^IVIr 1 ) Uc^oOilUc^U IdLOl 




nnpratinn r^oQt fnr flirpraft 'a' flQQinnprI tn flinht T 


Of^f f 

apUg 


bjJt^Ulllt^b Wllclllcl dli dlioidiL d lido dl 1 vijJddULiiidi 

API J unit 

/Al \J UI IIL 


apuf 


QnppifjpQ whpthpr a flinht 'f fha«>prl nn it*? Hpnarturp or 
arriv;^! ?^irnnrt/st?5tinn^ rpnuirp*^ APU onerations 


Assigriaf 


1 if aircraft 'a' is assigned to flight T, 0 otherwise 


Pit 
ClL 


j^rriw^^l timp fnr flinht *f' 


BlockTimef 


scheduled block time for flight T 


cr&wiyp&a 


rrcaxA/ rQtinn fr^r a ni\/pn 5iirr*r5ift '51' 
uic^w idLiiiy lui d yivdi diioidiL d 


crewtypef 


crew rating for a given flight T 




OUIIUilL dVdildUlt^ Ulilt:^ lUI d ylVc^ll dllOidIL d 


dt 


departure time for a flight T 


^LUpc>Q 


QnpnIfipQ whpthpr ^in Jiirrr^ift 'fl' i^ p^n^^hlp of FTOPS 
opoLrllic?o Wllc^Llic^i dll diioidii d 10 \jQ\Jaui\^ \Ji 1 — 1 w 


etopSf 


specifies whether a flight requires ETOPS operations 


F 


set of flights 


F(s) 


subset of flights at station *s' 


F(s \ in, t) 


subset of flights arriving at station 's' at time T 


F(s 1 out, t) 


subset of flights departing from station 's' at time T 


familya 


aircraft family for aircraft 'a' 


flightdualf 


dual value of flight T covering constraint in the 
restricted master problem (MP2) described later 


Fly__A_Check[aM,t2] 


1 if aircraft 'a' is available (out of A check) between 
time 11 'and time 12', 


Fly_B_Check[a,tlt2] 


1 if aircraft 'a' is available (out of B check) between 
time 'tr and time 't2' 


FlyingCycleSa 


remaining number of cycles on aircraft 'a' before first 
scheduled B maintenance check 
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FlyingTimea 


remaining flying time on aircraft *a' before first 
scneouiea m mainienance cnecK 


H20a 


specifies whether aircraft 'a' can fly over water (H20) 


H2Uf 


speciTies wnetner Tiigni t requires an aircran wim 
over water capability 


AAA 

MA 


set OT scneciuiea maintenance a cnecKS 


MA(s) 


set of scheduled maintenance A checks at station 's' 


MA(s 1 t=ena) 


set of scheduled maintenance A checks at station 's' 
that end at time t 


MA(s 1 t^start) 


set OT scneouieu maintenance a cnecKS at siation s 
tnat Stan at time t 


Main_Aast 


1 IT there is a scneauiea a maintenance tor aircratt a 
at station 's\ time T, 0 othenA^ise 




1 IT there is a scheauied b maintenance tor aircraTt a 
at station 's\ time T, 0 otherwise 


MaintenanceCycle 


maximum number of cycles between B checks 


Maintenancelnterval 


maximum flying time between A checks 


MB 


set of scheduled maintenance B checks 


MB(s) 


set ot scheauied maintenance b checKs at station s 


MD(s 1 t-ena) 


set OT scheduled maintenance b cnecKs at station s 
that end at time t 


MB(s 1 f=sfaAt) 


set of scheduled maintenance B checks at station 's' 
that Stan at time t 


/70/Sea 


noise rating tor aircraTt a 




noise rating for flight T 


rangOa 


operating range for aircraft 'a' 


O 


set OT stations 


CI 

oLf 


stage lengtn TorTiigni t ^aisiance in nauiicai msieoj 




1 if assignment will be done within crew compatible 
aircraft 


swap^withinjamily 


1 if assignment will be done within aircraft family 


swap_within_type 


1 If assignment will be done within a speciTic aircraTt 
type 


T(a) 


set of time events for aircraft 'a' 


l(s) 


sei OT time events ai siation s 


T(s 1 1 m) 


subset of times at station *s' for maintenance event 
m 


tcaSa 


specifies whether the TCAS equipment is working on 
aircraft 'a' 


tcasf 


specifies whether the TCAS equipment is required for 
flight T 


types 


equipment type for aircraft *a' 



[035] The processor 106 may solve the sub-problem above using a 



shortest path algorithm, such as a generalized permanent labeling (GPL) 
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algorithm. According to the GPL algorithm, the processor 106 assigns 
multiple labels representing cost and time constraints to each node of the 
network 300. "Labels" are constructs by which the GPL algorithm can keep 
track of and account for intermediate paths in the flight network 300 as the 
algorithm attempts to find the shortest path under the sub-problem constraints 
(Equations CSP1-CSP9). The processor 106 dynamically uses these labels 
to calculate the labels of other nodes. The labels are calculated to satisfy all 
side constraints on the problem, such as a maximum cumulative travel time 
on the aircraft routing or any of the other constraints in Equations CSP1 to 
CSP9 . The processor 106 stores at each node multiple labels of time and 
cost, until a less costly and/or less travel time flight-sequence that arrives at 
the given node is found. 

[036] At any given node, a new label dominates an existing label if 
both its time and cost parameters are better than the "best" label determined 
so far. The processor 106 dynamically manages the set of labels stored at 
each node in such a way that unnecessary or "dominated" labels are deleted 
from a linked list at each node, and the label list is sorted in decreasing cost 
order. Each label conresponds to a different path through the network from 
the source to the given node, and is classified as being efficient. An efficient 
path is defined as one such that all of its labels are efficient, and such paths 
are used to determine the constrained shortest path from source (origin) to 
sink (destination) in the network. The constrained shortest path of flights for 
each aircraft represents an aicraft routing proposal for the respective aircraft. 
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[037] In determining the sliortest patii, tiie processor 106 may use 
other algorithms besides the generalized permanent labeling algorithm. For 
example the processor 106 may instead use LP-based shortest path 
algorithm, K-shortest path algorithm, Dijkstra algorithm, and/or any other 
algorithm compatible with the present invention. 

[038] From the aircraft routing proposal, the processor 1 06 may 
determine proposed flight assignments (step 206). The proposed flight 
assignments represent the best attempt so far by the processor 106 in 
assigning aircraft to flights based on the received information from step 202 
and constraints of the flight assignment problem (restricted master problem 
described below). More particularly, the processor 1 06 uses the received 
information to create proposed flight assignments for each aircraft, which may 
include a sequence of flights and/or ground arcs (i.e., routes) satisfying 
operational and maintenance constraints. The proposed flight assignments 
are generated to meet a decision criteria, such as maximizing net revenue 
and/or some other criteria. 

[039] In determining the proposed flight assignments (step 206), the 
processor 106 may organize the aircraft routing proposal and any other 
required constraints in the received information into a flight assignment 
problem (restricted master problem). For example, the aircraft routing 
proposal determined at step 204 is represented by the variable ASSIGNarfior 
all flights 'f covered by routing 'r' assigned to aircraft 'a'. The processor 106 
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organizes the values ofASSIGNarf into the restricted master problem by using 
them as coefficients in Equation MP2 of the restricted master problem. 

[040] A simplex method, revised simplex method, or any other method 
compatible with the invention may be used to detemriine the proposed flight 
assignments based on the aircraft routing proposal generated by the sub- 
problem. For example, the processor 106 may create the restricted master 
problem comprising Equations 0F1 and MP1-MP3 shown below, wherein the 
variables are defined in Table 2. The objective function (Equation 0F1) 
maximizes the net revenue across the entire fleet. Equation MP1 ensures 
that the flow for each aircraft does not exceed one. Equation MP2 ensures 
that each scheduled flight is covered once across the entire fleet. Equation 
MPS ensures that each aircraft is assigned to at most one routing. 
Maximize ^ ANR,, x Route ^ (OF 1 ) 

aeA /'eR(a) 

Subject to: 

Flow X FLOW,, X ROUTE,, - Excess = 1 ^aeA (MP1 ) 

reR{a) 

Flight Cover ASSIGN x Route,, +Openflyingf =^ yfeF 

aeA reR{a) 



(MP2) 

Convexity J^Route^=^ Ma&A (MPS) 

reR(a) 



TABLE 2 


Variable 


Definition 


R(a) 


set of maintenance feasible routing for aircraft 'a' 


ANRer 


net revenue for assigning aircraft 'a' to routing 'r* 


ASSIGNarf 


1 if flight 'f is covered by routing V that is assigned to 
aircraft 'a', 0 otherwise 


FLOWer 


1 if routing Y' is a feasible candidate for aircraft 'a' 


ROUtBar 


1 if aircraft 'a' is assigned to routing 'f, 0 otherwise 


Openflyingf 


1 if flight 'f is not covered, 0 otherwise 
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Excess 



slack variable 



[041] As one of ordinary skill in the art will appreciate, the processor 
106 may determine proposed flight assignments using a revised simplex 
method as described on pp. 675-686 by Stephen P. Bradley, Arnoldo C. Hax, 
and Thomas L Magnanti cited above, which is incorporated herein by 
reference in its entirety. 

[042] Retuming to Fig. 2, If the proposed flight assignments do not 
meet a decision criteria (step 208), then the processor 106 may generate 
additional aircraft routing proposals. The decision criteria in the present 
example may maximize net revenues when assigning aircraft to flights over an 
airline's entire flight schedule. The processor 106 addresses this decision 
criteria in the objective function (Equation 0F1) of the restricted master 
problem. As one of ordinary skill in the art will appreciate, when applying an 
algorithm, such as the revised simplex method, to solve the restricted master 
problem, the dual variables of the model constraints are used to indicate 
whether the objective function has been maximized. In this example, the 
objective function expresses the total net revenue for assigning all the given 
aircraft to the scheduled flights. In another example, other decision criteria, 
such as efficiency, gross revenue, etc., may be selected by a user for 
optimization instead. 

[043] The additional aircraft routing proposals may be generated by 
first generating refinement information used by the sub-problems to detemnine 
additional proposed routings for the aircraft (step 21 0). The refinement 
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information may be dual variables found by the revised simplex procedure at 
step 206. From the dual variables, the processor 106 may update the 
underlying structure of the sub-problem for each aircraft. For example, 
aircraftduala and flightdualf in Equation SP1 are dual variables used to adjust 
the costs on each corresponding flight arc in each aircraft's flight networi^. 
The aircraftduala variable is determined from the aircraft flow constraint (MP1) 
and aircraft convexity constraint (IVIPS) in the restricted master problem. The 
flightdualf variable is determined from the flight covering constraint (MP2) in 
the restricted master problem. 

[044] After generating the refinement infomnation at step 210, the 
processor 106 returns to step 204 to generate an additional aircraft routing 
proposal based on the generated refinement information. The processor 106 
may determine additional proposed routings for the aircraft back at step 204 
by solving the updated sub-problem using a generalized permanent labeling 
algorithm or any algorithm previously described. The processor 106 uses the 
additional proposed aircraft routing to update the restricted master problem 
via column generation in Dantzig-Wolfe decomposition. 

[045] More particularly, during the column generation process, the 
dual variables (i.e., multipliers) are used to price out the non-basic variables 
(i.e., columns) by considering their reduced costs. The dual variables ensure 
that the reduced cost for every variable in the basis is zero. If any reduced 
cost is of the wrong sign in the restricted master problem, the process will 
introduce the corresponding non-basic variable into the basis in place of one 
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of the current basic variables, and recompute tlie simplex multipliers (i.e., dual 
variables). In order to use column generation in the Dantzig-Wolfe method, 
the columns need to have structural characteristics which allow the pricing out 
of operations without explicitly considering every possible column in the 
problem. 

[046] The revised simplex procedure attempts to check if all reduced 
cost of variables are non-negative for optimality, such that the following 
equation Is satisfied: 

Min ^ [aOC^j- - flightdualy ] > aircraftdual^ , 

wherein P is the set of flights forming the shortest-path flight sequence. The 
left hand side of this expression is the length of the constrained shortest path 
connecting the source and sink nodes of aircraft a with respect to the modified 
costs {AOCaf - flightdualf). If for all aircraft a, the length of the constrained 
shortest path for that commodity Is at least as large as its corresponding dual 
variable aircraftduala, the procedure will satisfy the complementary slackness 
conditions, and the solution will be optimal. Othenwise, based on the 
constrained shortest path on the updated network, the reduced cost of the 
column (I.e., path) Is less than the length aircraftduala for a given aircraft a. 
By inserting this column into the basis to create an updated master problem, 
there will be an Improvement to the objective function (Equation 0F1) of the 
restricted master problem. 

[047] Using the updated master problem, the processor 106 

determines revised flight assignments (step 206). If the processor 106 
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determines at step 208 that the revised flight assignments do not meet the 
decision criteria, then the processor 106 repeats steps 204 to 210 until it 
detennines a flight assignment proposal and conespondlng aircraft routing 
proposal that meets the decision criteria. Once the decision criteria is met, no 
more additional proposed routings for the aircraft under operational and 
maintenance constraints may be determined and vice versa. 

[048] The processor 106 determines a flight assignment plan from the 
final flight assignment proposal that meets the decision criteria (step 212). 
Since the Dantzig-Wolfe decomposition and revised simplex method operate 
with real numbers, the final flight assignment proposal may contain fractional 
numbers that are not applicable to the real world. For example, the flight 
assignment process may propose assigning one-half of an aircraft to a route 
because the mathematics of the problem dictates this meets the decision 
criteria. However, half an aircraft can not be assigned in the real worid. 
Therefore, at step 212, the processor 106 uses the final flight assignment 
proposal to solve the master problem to integrality (i.e., solve the master 
problem such that only whole aircraft are assigned to routes), of which the 
solution contains the flight assignment plan. As one of ordinary skill In the art 
will appreciate, this may be done using the branch and bound method 
described on pp. 387-395 by Stephen P. Bradley, Amoldo C. Hax, and 
Thomas L Magnanti cited above and is incorporated herein by reference in its 
entirety. 
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[049] Once the processor 1 06 generates the flight assignment plan, it 
may store the plan in the flight assignment plan database 110. The plan may 
be accessed by others, such as the flight information display system 112. All 
operational departments within the airline will have access to the schedule 
plan via the flight information display system 1 12, in order to make resource 
management decisions such as gate assignment, and man-power staffing, 

[050] If for any reason the flight assignment plan needs to be 
modified, the information (flight, aircraft, maintenance, passenger, etc.) 
contained in the flight management/operations computer 102 may be modified 
and a new flight assignment plan may be generated as described above. 

[051] With regard to the aircraft routing system 100, it is understood 
that one of ordinary skill in the art may implement features and principles of 
the present invention with alternative systems. Alternative systems may 
comprise one or more processors for implementing the exemplary method 
illustrated in the flowchart 200 of Fig. 2. 

[052] Further, in receiving flight information as part of processing step 

202, the functions of the alternative systems may include accessing/obtaining 

data from a database, data structure, storage medium, survey, and/or any 

other mechanism or combination of mechanisms. The received data may be 

raw data, such as data entries from a database, preprocessed data, such as 

encoded raw data, or any other form of data. "Receiving" data may include at 

least one of acquisition via a network, via verbal communication, via electronic 

transmission, via telephone transmission, in hard-copy form, or through any 
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other mechanism enabling reception. In addition, "receiving" may occur either 
directly or indirectly. For example, receipt may occur through a third party 
acting on another party's behalf, as an agent of another, or in concert with 
another. Regardless, all such indirect and direct actions are intended to be 
covered by the term "receiving" as used herein. 

[053] Received data may take one of many exemplary fomns. It may 
simply be a checked box, clicked button, submitted form, or oral affirmation. 
Or It might be typed or handwritten textual data. Receiving may occur through 
an on-line form, e-mail, facsimile, telephone, interactive voice response 
system, or file transfer protocol transmitted electronically over a network at a 
web site, an internet protocol address, or a network account. Receipt may 
occur physically such as In hard copy form, via mail delivery, or other courier 
delivery. "Receiving" may involve receipt directly or indirectly through one or 
more networks and/or storage media previously described. 

[054] In another embodiment, features and principles of the present 
invention may be implemented in the exemplary flowchart 400 for routing 
aircraft illustrated in Fig. 4. As shown in Fig. 4, processor 106 may initialize 
parameters for a tree-searching algorithm (step 402). The processor 106 may 
receive flight, aircraft, maintenance, and/or passenger data from the flight 
management/operations system 102 at step 404. The processor 106 may 
further create specialized flight networks for each aircraft at step 406 using 
the received data. The processor 106 may also set up a restricted master 
problem at step 406. The processor 106 may solve the initial restricted 
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master problem to determine multipliers (i.e., dual variables) using the revised 
simplex method. 

[055] Based on the initial solution, the processor 1 06 may generate a 
flight sequence for each aircraft fleet from the flight network using a tree- 
searching algorithm at step 408. Subsequently, the processor 106 may 
detemnine whether eligible columns exist for addition to the master problem at 
step 41 0 . If eliglible columns exist, the processor 106 may determine the 
column con-esponding to each variable in the restricted master problem for the 
flight sequence and may add the column to the restricted master problem 
(step 412). Using the revised simplex method, the processor 106 may 
determine aircraft-flight sequence assignments that will meet a decision 
criterion by solving the restricted master problem (step 414). The processor 
106 may use dual variables found in the revised simplex method to adjust the 
costs on each corresponding flight arc of the flight network at step 41 6. The 
processor 106 may generate the columns until no more eligible columns exist 
for addition to the restricted master problem. At this point, the processor may 
solve the restricted master problem to yield an optimal solution for aircraft- 
flight sequence assignments (step 418). The processor 1 06 may use the final 
solution as the root of a branch and bound method to solve for an integral 
aircraft-flight sequence assignment plan at step 420. 

[056] In the foregoing description, it should be apparent to ones of 
ordinary skill in the art that features and principles of the present invention 
may generate an flight assignment plan that can retain all scheduled 
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departure times, swap aircraft within a given sub-fleet for a given flight, 
consider tail specific constraints, consider variable ranges for operating 
constraints in order to find feasible solutions, consider strategic flights 
assigned to a specific tail, incorporate all pre-assigned maintenance events, 
consider the number of booked passengers, and preserve pre-assigned 
through flights. Further It should be apparent, that the present invention has 
the capability to handle the ferrying of aircraft between airport stations, swap 
aircraft within the same equipment type and different seating capacity, swap 
aircraft across equipment types that share common crew ratings (adaptive 
aircraft assignment), and assign different aircraft types to flights such the 
there is no passenger spill (real-time fleet assignment). These situations 
would be handled by modifying the underlying sub-problem or restricted 
master problem to include these capabilities. In each case, the present 
invention might be biased to maintain existing assignments between aircraft 
type and flights and would consider diverging from this only if it is beneficial to 
the overall solution process. 

[057] Also in the foregoing description, various features are grouped 
together in various embodiments for purposes of streamlining the disclosure. 
This method of disclosure is not to be interpreted as reflecting an intention 
that the claimed invention requires more features than are expressly recited in 
each claim. Rather, as the following claims reflect, inventive aspects may lie 
in less than all features of a single foregoing disclosed embodiment. Thus, 
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the following claims are hereby incorporated into this description, with each 
claim standing on its own as a separate embodiment of the invention. 
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